Abstract α-Fe single crystals of rhombic dodecahedral habit were grown from a melt of Li 84 N 12 Fe ∼3 . Crystals of several millimeter along a side form at temperatures around T ≈ 800
Introduction
Iron is one of the most abundant materials in the earth's crust. As the main ingredient of steel it is still -and probably that won't change soon -of vital importance as a construction material. Even after many centuries of application and research elemental Fe is not as well understood as one might think. The lattice dynamics in α-Fe, for example, are significantly affected by many-body effects and have been properly modeled only quite recently [1] .
The occurrence of structural transitions from δ-Fe to γ-Fe at T = 1394
• C and γ-Fe to α-Fe at T = 912
• C upon cooling does not allow for the growth of monodomain α-Fe single crystals from the liquid. The strain-anneal method [2, 3, 4, 5] works around this problem and is the standard process for the production of commercially available bulk single crystals of α-Fe. Comparatively large single crystals can be also grown in form of whiskers [6] . Various single crystalline α-Fe nano structures were created, among others: thin films by molecular beam epitaxy [7] , nanowires by pulsed laser deposition [8] , nanosized crystals by electro deposition in solution [9] or induced by electron radiation [10] .
A rhombic dodecahedral habit, as one of the natural forms of a cubic material, was achieved by using a gas-evaporation technique [11, 12] . The sample diameter, however, was limited to 200 nm. Here we report on the growth of rhombic dodecahedral α-Fe single crystals with diameters in the range of millimeters.
Methods
Standard box and tube furnaces were used for vertical and horizontal crucible orientation, respectively. Nb and Ta crucibles were machined from commercially available tubes and sheets [13, 14] . X-ray diffraction patterns in reflection mode were measured using a Rigaku Miniflex 600 diffractometer (Cu-Kα 1,2 , Ni-filter). Laue-back-reflection patterns were recorded with a digital Dual FDI NTX camera manufactured by Photonic Science (W anode, U = 15 kV, I = 30 mA, beam diameter roughly 1 mm). Mosaicity was estimated in transmission mode using a Bruker D8 Venture single crystal diffractometer equipped with a SMART APEXII 4k CCD detector (Mo-Kα radiation). Magnetization measurements were performed using a Quantum Design Magnetic Property Measurement System (MPMS 3). The composition of the samples was analyzed by inductively coupled plasma optical emission spectroscopy (ICP-OES) using a Varian Vista-MPX. A Scanning Electron Microscope (SEM, Zeiss LEO 1530 Gemini) equipped with an Electron Backscatter Diffraction (EBSD) system (HKL Technology, working distance = 15 mm, U = 20 kV, step size = 0.8 µm) was used to determine the crystal orientation. The nitrogen concentration was measured by carrier gas hot extraction using a Bruker G8 Galileo analyzer.
Single Crystal Growth of α-Fe
After first α-Fe single crystals were obtained by the standard method described in the following (Sec 3.1), we performed further growth attempts in a horizontal tube furnace in order to study the influence of a temperature gradient (Sec 3.2).
Low-gradient box furnace
Starting materials were Li foil (Alfa Aesar, 99.9 %), Fe granules (Alfa Aesar, 99.95 %) and Li 3 N powder (Alfa Aesar, 99.4 %). The materials were mixed in a molar ratio of Li:Li 3 N:Fe = 48.4:12:2. The mixture with a total mass of ∼ 1.5 g was placed in a Nb three-cap crucible [13, 14] that was sealed under roughly 0.6 bar Ar by arc welding. The closed Nb crucible was sealed in a fused silica ampule under ∼ 0.2 bar Ar to prevent oxidation of Nb (Fig. 1a) . Using a box furnace the mixture was heated to 950
• C over 5 h, held for 1 h, cooled to 790
• C over 1 h and held for 1 h. The gradient in this temperature range amounts to roughly 2 K/cm. Finally the mixture was cooled to 750
• C over 15 h. At that temperature the liquid was decanted: the hot ampule was transfered into a centrifuge within ∼ 3 s and, within ∼ 4 s, accelerated to ∼ 1000 rpm (corresponding to ∼ 300 g). After cooling to room temperature (RT) within roughly 15 mins the Nb ampule was opened in an Ar filled glove box. Facetted single crystals were found at the bottom of the Nb crucible (Fig. 1b-d ).
Horizontal tube furnace
In addition to the variable temperature gradient of the horizontal furnace, the employed setup allows to work with larger amounts of material: the crucible diameter was doubled to 2.5 cm. We used Ta instead of Nb as crucible material because it is less sensitive to oxidation (the sealing of the tube furnace is not as good as the one of fused silica ampules). A Ta cap was arc welded to the Ta tube (5 cm in length) and acts as crucible bottom. Starting materials were Li granules (Alfa Aesar, 99 %), Fe granules (Alfa Aesar, 99.95 %) and Li 3 N powder (Alfa Aesar, 99.4 %). The materials were mixed in a molar ratio of Li:Li 3 N:Fe = 48.4:12:3.6 with a total mass of 10 g. The mixture was sealed by arc welding a second cap to the top of the Ta tube under roughly 0.6 bar Ar (Fig. 2a) . One end of the crucible was placed in the center of the heating zone of a horizontal tube furnace. The (center of the) furnace was heated to 950
• C over 1 h, held for 1 h and finally cooled to 770
• C over 15 h. A temperature difference of ∆T = 25 K was found between the center of the heating zone and the colder end of the Ta crucible. The corresponding gradient amounts to 5 K/cm. Note that the gradient within the crucible could be lower. Before rapid cooling to RT, the lowest temperature in the crucible was T = 745
• C (at the right hand side), similar to the growth using the box furnace. After completing the annealing process and an additional hold for 10 h the crucible was quickly transfered to the cold part of the quartz tube and cooled down to RT within ∼ 15 min.
After cooling, the Ta crucible and the contained product was cut into three parts by using a tube cutter. Optical inspection of the product did not indicate any obvious inhomogeneities within the crucible. The Li-rich flux was subsequently dissolved in water and α-Fe single crystals similar to the ones obtained in the box furnace (see Sec. 3.1) were found. Part of the sample formed larger conglomerates that are loosely connected by flux remnants or sintered together (Fig. 2b) . The majority of the crystals is of rather isometric, rhombic dodecahedral habit. Some of those do also show 90
• and 135
• angles that indicate the presence of {1 0 0} facets (Fig. 2c) . However, a significant number of crystals is rod-shaped as shown in Fig. 2d . The crossover from isometric to rod or needle shaped is smooth: larger aspect ratios up to ∼ 30 are found with more or less monotonically decreasing probability.
Another growth process was performed with the same parameters but slow cooling starting already at T = 825
• C instead of T = 790
• C. The cooling rate was kept the same and the temperature gradient does not change significantly between those temperatures. Before dissolving the flux the product appears similar to the previously obtained one. The amount of rod-shaped crystals, however, increased significantly and forms the majority of the obtained Fe crystals. Isometric, rhombic dodecahedra are also present, but in smaller numbers when compared to the previous attempt.
X-ray diffraction
Optical inspection of the obtained crystals ( Fig. 1 ) already revealed significant differences to the anticipated Fe-doped Li 3 N which forms hexagonal platelets [15] and motivated a more careful analysis by means of X-ray diffraction. The obtained patterns are presented in Fig. 3 and turned out to be consistent with the crystal structure of α-Fe [16] . The upper data set in Fig. 3a was measured by orienting a surface of one single-crystal parallel to the sample holder of a powder diffractometer such that Bragg reflection is possible (that is: surface normal parallel to k − k 0 ) [17] . Only the 1 1 0 and the 2 2 0 reflections of α-Fe are observed. All reflections expected for α-Fe emerge when several singlecrystals are randomly oriented on the sample holder (lower curve in Fig. 3a) . The obtained lattice parameters of a = 2.867(3)Å for the oriented single crystal and a = 2.868(3)Å for the collection of randomly oriented single crystals are in good agreement with literature data (2.867Å [16] , 2.8665(5)Å [18] ). Fig. 3b shows an enlarged view of the Fe 2 2 0 reflection. The Cu-Kα 1,2 splitting is well resolved and the peak-width comparable to the one obtained for Si 3 3 3 (piece of Si wafer measured in similar configuration).
A Laue-back-reflection pattern for the incident beam parallel to a surface normal is shown in Fig. 3c . The picture corresponds to a detector area of 13.2 × 9.4 cm 2 , sample detector distance was 3. instrumental broadening is estimated from a corresponding measurement on Si 1 1 1 and amounts to ∆ω 0 = 0.28
• (dotted, blue line in Fig. 3d ). Assuming ∆ω 
Chemical analysis
For ICP-OES analysis several Fe crystals with a total mass of 14 mg were rinsed in acetone, dried, and dissolved in 4 ml hydrochloric acid solution (37 %). The mixture was further diluted by adding 46 ml distilled water. The concentration of potential impurities was measured against multi-element standards (Alfa Aesar) of 1 and 2 ppm in solution. The combined concentration of all measured impurities, that is elements other than Fe, comprised less than 0.4 mass% of the solid samples. An overview of detected contaminant elements is given in Tab. 1. Only Cu and Ca were found in larger amounts. Whereas Ca is a known impurity in Li and Li source materials [19] , the origin of Cu is less obvious. However, the measured impurity levels are in accordance with the purity of the starting materials. Further elements were searched for but were found to be below the resolution limit (of roughly 10 ppm of the solid Fe sample): Ag, Al, Bi, Cd, Cr, Ga, Na, Pr, Sr. The N concentration was determined by carrier gas hot extraction using roughly 500 mg of α-Fe single crystals (synthesized in the horizontal furnace). A concentration of 90 ppm (mass ratio) was found. The experimentally determined N content in the Fe crystals can provide information about the chemical potential or the N 2 partial pressure present during growth of these crystals. The known relation between N uptake by α-Fe from N 2 gas as a function of the partial pressure [20] yields an N 2 pressure of 14 bar. This value, however, appears very high considering the excess of Li and the highly exothermic reaction between Li and N with a standard enthalpy of formation of ∆ H 0 f = −165.6 kJ(mol Li 3 N) −1 [21] . An estimate of the equilibrium nitrogen partial pressure in the relevant thermodynamic parameter range yields an N 2 partial pressure close to zero. Therefore, it seems possible that the measured N content in the Fe crystals could, for example, result from surface contaminations.
Furthermore, the magnetization of two single crystals with masses of m = 0.59 mg (box furnace) and m = 2.44 mg (tube furnace), respectively, were measured at T = 300 K in applied fields of up to µ 0 H = 7 T. We found a saturation magnetization of 233(12) emu/g for the former and 226(5) emu/g for the latter. Both values are slightly enlarged compared to the literature data (217 emu/g) [22] . Enhanced saturation magnetization could indicate the presence of iron nitrides [23, 24] . However, the small concentration of N renders this scenario unlikely, at least when a homogeneous N distribution is considered (Note that roughly 300 single crystals were necessary to perform the carrier gas hot extraction). Remnant magnetization and coercivity field were below the resolution limits (4 emu/g and 40 Oe, respectively, for the employed setup and sample size).
Electron microscopy and diffraction
For SEM analysis, an iron single crystal with a diameter of about 500 µm was placed for mechanical support into a hole drilled into an iron plate. That arrangement was embedded into PolyFast (Struers GmbH) resin and mechanically ground and polished. Fig. 4a shows a SEM micrograph of this single crystal in backscattered electron contrast after removal of some of its surface by the grinding/polishing. The different gray shades caused by local differences in the intensity of the back-scattered electrons do likely originate from preparation effects, especially local deformation at the edges.
Kikuchi patterns measured from the polished crystal surface are consistent, as expected, with the presence of α-Fe in a single, well-defined orientation. The visible, approximately rhombic, polished surface of the crystal corresponds to a (0.66 0.08 0.75) plane that deviates from (1 0 1) by 6
• . Based on the crystal orientation matrix obtained from the Kikuchi patterns the positions of all {1 1 0} planes were calculated. The result is sketched in Fig. 4b with respect to an ideal rhombic dodecahedron. The orientation of the b.c.c. unit cell is shown in the inset. The further trace, which bounds (1 01) and appears as a vertical line in Fig. 4a , is also found. This truncation is caused by the tilted removal of material from the rhombic dodecahedron. Small differences between the observed crystal edges and the calculated plane traces can be explained by additional effects as a shifted aspect ratio formed during the growth of the crystals (see Fig. 2c ) [25] and errors with regard to the EBSD measurements [26] .
Discussion
The solubility of Fe in pure Li is well below 1 % [27, 28] . However, it has been shown that small amounts of nitrogen (and also oxygen) do increase the solubility of Fe significantly [28] . For example, raising the nitrogen impurity level from 0.05 wt% to 0.49 wt% leads to an increase in the Fe solubility from 0.17 wt % to 3.5 wt% (at T = 950
• C, see Table 2 in [28] ). Extrapolating to a N concentration of 16 wt% (present here), we obtain an Fe solubility of ∼ 60 wt%. Taking into account the large difference in the concentration range, this value is in good agreement with our estimate of ≈ 20 wt% that was determined experimentally by subsequently increasing the amount of Fe in the starting material until the solubility limit is reached.
According to the Fe-N binary phase diagram [29] , the presence of N could lead to a primary crystallization of γ-Fe that undergoes a eutectoid transformation at T = 592
• C to produce α-Fe and Fe 4 N. However, we would expect the development of several domains at the structural transition (γ → α) in contrast to the observed formation of single domain α-Fe. Furthermore, no traces of Fe 4 N were found. The affinity of N to Li seems to prevent the formation of γ-Fe in the ternary Li-Fe-N melt.
Only about 4 % (in the box furnace) of the total amount of Fe forms α-Fe single crystals upon cooling to T = 750
• C, the vast majority remains dissolved in the Li-rich melt. A more accurate estimate of the Fe concentration would require significantly more effort since small Fe crystals could pass through the strainer during centrifugation. Investigating the spin-side of the crucible in more detail is not very helpful in this regard because it is not possible to accurately evaluate the crystallization during rapid cooling (after centrifugation). In the horizontal tube furnace the fraction of formed α-Fe single crystals amounts to ∼ 24 %, considerably higher when compared to the box furnace attempt. This seems reasonable since the samples are not centrifuged and therefore all grown crystals can be retrieved. Nevertheless, we cannot rule out the possibility of the larger yield being caused by a higher temperature gradient in the horizontal furnace.
Various growth procedures were performed that aimed at single crystalline Li 2 (Li 1−x Fe x )N using methods and parameters similar to the ones described in Sec 3.1. No Fe single crystals were found in those attempts when the mixture was slowly cooled to T = 710
• C or below. Instead, a significant amount of Li 2 (Li 0.7 Fe 0.3 )N forms. A rough estimate indicates that the amount of iron in the melt would be fully sufficient for the formation of the latter even when considering the ambiguities in the iron concentration of the melt mentioned above. Accordingly, Li 2 (Li 1−x Fe x )N does not necessarily grow on the expense of dissolving Fe single crystals. Rather the Fe solubility in the Li-rich melt could increase upon cooling, i.e. the temperature coefficient of the solubility is negative. An instability of Li-Fe-N or Fe-N complexes, which are essential for the solubility of Fe in Li, could become unstable at elevated temperatures. Further investigations are necessary to gain a better understanding of nucleation, solubility and the microscopic details of the growth process. However, those are beyond the scope of this paper.
To summarize, we have synthesized α-Fe single crystals that grow as millimeter sized rhombic dodecahedra. As such they grow in their natural crystal habit in accordance with the cubic lattice and in contrast to the formation of Fe whiskers obtained else-wise. It seems not unlikely to find an optimized flux that allows for larger and cleaner Fe single crystals at even lower temperatures.
